We developed an electric double layer capacitor using an ionic liquid as the electrolyte salt for a high energy density and a life performance. The influence of the surface area of the activated carbon and the concentration of the electrolyte on the storage and life performance of the capacitor was studied. Separator can control the gas generation during the float charge of the capacitor to be able to extend the its life.
INTRODUCTION
To meet the need to reduce carbon dioxide (CO 2 ) emissions and the consumption of fuels worldwide, practical applications such as hybrid electric vehicles (HEVs), fuel cells (FCs), and pure electric vehicles (PEVs) have started to be produced for preventing global warming [1] - [2] . The technology for the storage of electricity has been paid significant attention, and enhancing the energy efficiency of a battery was demanded. However, this has been weak point for the conventional chemical secondary batteries such as Pbacid, Ni-Cd, Ni-MH and Li-ion. Recently, an electric double layer capacitor (EDLC) is expected to be developed as a storage device which can be efficiently charged, and discharged to produce a high power, and used for many cycles and for a long time [3] - [7] . Many developments regarding EDLCs have been devoted to producing a good performance.
It is necessary to make the energy density higher, the power density higher, and the lifetime longer for applying to PEVs, FCVs, and HEVs. However, many techniques to increase the energy density and the power density of the EDLC would make its lifetime shorter [8] - [12] . We have developed and produced an EDLC for meeting requirements from a market.
We developed the ionic liquid [13] - [14] as an electrolyte salt of the EDLC for increasing its storage energy and extending its lifetime. Because the ionic liquid can be blended in many organic solvents at any concentration, the necessary number of ions can be given to the EDLC without minding the solubility of the solid salt to the solvent. The electrolyte containing the developed ionic liquid which was one of quarternary ammonium salts had a better electrochemical stability than the known ionic liquids [15] . An appropriate concentration of electrolyte was chosen for our produced capacitor because it was found that the concentration of electrolyte influenced the life performance of the EDLC. The influences of the surface area of the activated carbon on the positive and negative capacitances and the life performance of the capacitor were investigated to find the appropriate surface area of it as the positive or negative active material, respectively.
Two trials for controlling undesirable side reactions on the positive and/or negative electrodes to extend the lifetime of the EDLC were carried out. The ideal EDLC was charged or discharged only by adsorbed and desorbed ions on/from the electrodes. However, there were some side reactions on the positive or/and negative electrode with gas generation when the actual EDLC was charged. The negative electrode was coated with a polymer for controlling its corrosion and the side reaction to investigate the life performance of the EDLC with it. And, the sealed EDLC with several separators was tested in the float charge test with measuring its internal pressure.
We have produced the EDLC, "N's Cap", as a new commodity with these techniques for increasing the energy density and extending the lifetime of it. Three types of capacitors with a rated voltage of 3.0V and a rated capacitance from 250F to 1,000F were provided as the lineup. We introduced the characteristics of the EDLC cells, the storage modules assembled with the external circuit to equalizing the states of charge of the cells, and some examinations for application in this paper.
EXPERIMENTAL
For studying the electrolyte, propylene carbonate (PC) solutions containing 1.0mol·dm -3 of one of the salts were prepared. The salts were our developed ionic liquid, N, N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium tetrafluoroborate (DEME-BF 4 ), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF 4 ) for comparison, tetraethylammonium tetrafluoroborate (TEA-BF 4 ), and triethylmethylammonium tetrafluoroborate (TEMA-BF 4 ) as solid salts. The cyclic voltammetry (CV) was carried out in an electrochemical cell containing a platinum wire as a working electrode, a platinum spiral wire as a counter electrode, and a silver-silver chloride reference electrode (Ag/AgCl). The redox potential of the reference electrode was premeasured in the electrolyte using the ferrocene/ferrocinium couple as an internal standard. An electrochemical measurement system (HZ-3000, Hokuto Denko Co., Ltd.) with a potentiostat and a function generator was used for the CV.
A capacitor cell was especially designed for studying the activated carbons and the concentration of the electrolyte. One of the activated carbons with various specific surface areas, acetylene black (HS-100, DENKI KAGAKU KOGYO KABUSHIKI KAISHA), polyvinylidene fluoride -polyhexafluoropropylene copolymer [-(CH 2 CF 2 ) n -(CF 2 -CFCF 3 ) m -] (KF-P#9305, Kureha Co.) and poly(vinylidene)fluoride [-(CH 2 CF 2 ) n -] (KYNER#461, Atofina Japan K.K.) were mixed in Nmethyl-2-pyrrolidone (NMP, Wako Pure Chemical Industries, Ltd.). The mixture was coated on a side of etched Al (30CB, Japan Capacitor Ind. Co., Ltd.), and the sheets coated with the materials were dried, pressed and used as the positive sheets. In the same way, the sheets coated with materials were prepared as the negative sheets. The thickness of the positive and the negative materials except for the substrate were ca. 0.10mm and ca. 0.12mm, respectively.
The positive and negative sheets were cut into the size of 40mm×20mm with a tab whose size was 10mm×20mm. The positive and negative electrodes were selected by a predetermined weight. An element with the positive electrode and the negative electrode and the reference electrode which was made by welding Al ribbon to an etched Al foil [16] alternately stacked with the polyethylene film separators (NI040A, Nippon Sheet Glass Co., Ltd.) was constructed.
After drying, the element with the reference electrode was inserted into a bag made of a thermoplastic film laminated to an aluminum sheet (D-EL40H, Dai Nippon Printing Co., Ltd.), then injecting the electrolyte. For studying the electrolyte, some concentrations of the electrolyte were prepared by blending DEME-BF 4 and PC.
The float charge test at a constant voltage of 3.0V
and 70°C [17] was carried out for investigation of the performance of the capacitor after three charge and discharge cycles for measuring the initial capacitance at a low current of ca. 1.0C. For investigating the influence the separator and the negative electrode coated with a polymer on the life performance of the capacitor, the cell placed in an aluminum sealed container with a valve and a pressure sensor (FP101A-D, Yokogawa Electric Corp.) was made as shown in Fig. 1 . The capacitor cell was composed of the 130mm×70mm positive and negative electrodes with a 30mm×10mm tab, which were prepared by coated with the mixture of the active materials on the both sides of etched Al, the separators, and our electrolyte. The negative electrode was dipped into an aqueous dispersion of polytetrafluoroethylene (PTFE) and dried. By repeated this several times, the amount of PTFE coating the negative electrode was controlled. The cellose separator as a conventional, the polyethylene film separator, and the developing separator were used.
The life performance test of the capacitor sample as the float charge of 3.0V at 70°C or 80°C was carried out with measuring the internal pressure.
RESULTS AND DISCUSSION

Study and Development for High Performance of the EDLC
Development of the Ionic Liquid as an Electrolytic Salt
When the capacitor is ideally charged or discharged at a current, i, for a time, dt, the charged or discharged capacity, dQ, is given by: dQ = idt = CdV (1) where C is the electrostatic capacitance of the capacitor and dV is the voltage change during the charge or discharge [18] - [19] . The capacity depends on the number of ions adsorbed on or desorbed from the electrodes. Therefore, the storage capacity can have a limit by the number of ions in the electrolyte. The concentration of the electrolyte might have to be higher for increasing the energy of the capacitor by using an active material with a higher surface area and by charging at a higher voltage.
The solid such as the quarternary ammonium salt have been dissolved to the solvent such as propylene carbonate for the electrolyte for the capacitor. Recently, the ionic liquid is expected to use as an electrolytic salt for increasing the energy density of the capacitor and extending its life. Because the ionic liquid is a liquid at the normal temperature and can be blended in many organic solvents at any concentration, we do not need to mind the solubility of the solid salt to the solvent. While some imidazolium salts and some pyridinium salts are known well as ionic liquids, the electrolyte with them does not have a wide potential window and can be hardly used to the capacitor at a higher voltage [14] - [15] .
We developed the ionic liquid with a wide potential window. The ionic liquid is a quarternary ammonium salt, N, N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium tetrafluoroborate (DEME-BF 4 ). Two ethyl groups are substituted to a methyl group and a methoxyethyl group in tetraethylammonium tetrafluoroborate (TEA-BF 4 ) which is often used as the quarternary ammonium salt for the capacitor. DEME-BF 4 has the chemical structure similar to TEA-BF 4 and is liquid. Voltammetry of the platinum electrode carried out in some electrolytes. The cyclic voltammograms of it in 1.0mol·dm -3 DEME-BF 4 , TEA-BF 4 , or 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF 4 ) propylene carbonate solution are shown in Fig. 2 . The reduction potential at ca. -3.2V vs. Fc/Fc + in the DEME-BF 4 solution was more base than at ca. -2.0V vs. Fc/Fc + in the EMI-BF 4 solution. The oxidation potentials in the electrolytes were deference while we expected them to have the same potential as an electroxidation of BF 4 -or/and propylene carbonate. This may be for existence of the impurities or interaction with the cation. On the whole, we got an electrolyte that can give many ions and has a wide potential window. However, the concentration of the electrolyte was found to have an influence on the life of the capacitor. The discharge energy changes of the capacitor with the some concentrations of the electrolyte in the float charge were shown in Fig. 3 . It was found that the capacitor with low concentration of electrolyte has a long life. The rate of the undesirable side reaction on the electrode may have decelerated in low concentration of electrolyte. An appropriate concentration of electrolyte was chosen for our produced capacitor because there is a trade-off between the energy density and the life performance on the electrolyte concentration. 
Study of the Activated Carbon as Positive and Negative Active Materials
Activated carbon was studied as an active material of the capacitor. The capacitance in the equation (1) depends on the surface area of the active material. The active material with a large surface area is necessary for increasing the capacitance of the capacitor. When the capacitor is charged, the electrons flow from the positive electrode to the negative electrode through the external circuit. The active material can be electroxidized on the positive electrode and electroreduced on the negative electrode at some potential. Besides it, because the anion and the cation were different in the size, mobility, and the other characteristics, the different activated carbons should be used for the positive and negative active materials, respectively.
We investigated the positive and negative capacitances and the life performances of the capacitor with the various specific surface areas of activated carbons. The positive and negative capacitances were calculated by differentiating the discharge capacity with respect to the potential. The relation between the specific surface area of the activated carbon and the positive or negative capacitance was shown in Fig. 4 . The capacitance increased with an increase in the specific surface area of the activated carbon as discussed in the report [20] . However, the activated carbon with a large surface area may not be chosen for the long life of the capacitor. The lifetime for which 60% of the discharge energy of the capacitor in the float charge test could be maintained was shown in Fig. 5 . The surface area of the activated carbon as the positive material did not depend on the lifetime. The lifetime with the activated carbon with a small surface area for the negative material was found to be long. Therefore, the one with a large surface area can be used as a positive material and the other with appropriate surface area for the life should be used as a negative material for our produced capacitor. Fig. 5 Relation between the specific surface area of the activated carbon and the life of the capacitor in the float charge test at 3.0V and 70°C. The time for which 60% of the discharge energy of the capacitor was maintained was plotted as the life of it.
Other Trials for Extending the Life of the EDLC
Because gas is generated in the capacitor during the charge, it is expected that controlling the undesirable reactions can extend its life. The negative electrode was coated with a polymer for controlling its corrosion and the side reaction to investigate the life performance of the capacitor with it. The life of the capacitor samples with the negative electrodes coated with PTFE was shown in Fig. 6 . The amount of PTFE coated on the negative electrodes of the capacitor samples is indicated to increase in order of square, diamond, triangle, and christcross. It was found that the capacitor with the negative electrode coated with a heat-stable binder or a corrosive resistant material had a longer performance. It is expected that a corrosive resistant metal will be used for the negative. Separator affected on the undesirable side reactions with gas generation in the charge of the capacitor. Test results with three kinds of separator are shown in Fig. 7 . A, B, and C are the cellose separator as a conventional, the polyethylene film separator, and the developing separator, respectively. Gas generated in the float charge of the capacitor sample with the separator A increased. The internal pressure of the capacitor samples with the separator B and C was controlled well, and its life performances became longer. It suggested that the reaction with gas generation in the charge of the capacitor caused the potential changes and influenced the life performance of the capacitor. B was used as the separator of the N's Cap. 
High Power and Long Life Capacitor Cell
We have developed the EDLC, "N's Cap", with the ionic liquid, the activated carbons which have appropriate specific surface areas for the positive and negative electrodes, and the separator, and by arranging an element design as a new product [13] - [14] , [21] . Its lineup includes three types of capacitor cells with rated capacitance of 250F, 500F, and 1,000F. The appearance for them and the specifications for one with 1,000F are shown in Fig. 8 and Table 1 , respectively. N's Cap has a rated voltage of 3.0V and an internal resistance of 0.7m that is equivalent to ca. 0.8 F. The value is hardly obtained in relevant capacitors with an activated carbon and an organic electrolyte. Especially, the power density of the N's Cap is about 10,000W/l and its value is the maximum level in the industry. Life performance of the N's Cap is shown in Fig. 9 . The N's Cap has a life performance [22] - [23] for over 1,000h at 70°C and for over 2,000h at 60°C as it is able to keep 80% of its storage energy to a rated energy. Fig. 9 Life performances of the N's Cap in the float charge at the constant voltage of 3.0V at 70°C and 60°C.
Nisshinbo and JRC Capacitor Modules
An assembled battery made by connecting the EDLC cells or Li-ion cells containing organic electrolyte in series does not have any mechanism to equalize the state of charge of each cell like a sealed Pb-acid battery and sealed Ni-MH battery with aqueous electrolytic solution. Therefore, an external circuit is required to allow equalization of the state of charge for each cell of the storage devices with organic electrolyte.
Nisshinbo Industries Incorporated and Japan Radio Corporation Limited (JRC) have developed the external circuit [24] . The circuit is shown in Fig. 10a and 10b . It is equipped with coils and FET switches, a circuit in which a coil and a switch are connected in series and connected with the capacitor in parallel. And each state of charge of the capacitor cells can be equal by controlling the equalization of each voltage of the coils. The external circuit is compact and has a low energy loss. We have a various types of capacitor modules with the external circuit and with a rated voltage from 15V to 400V to match the requirements of customers as shown in Fig. 10c . The N's Cap modules have been equipped with another convenient function. A unit made by some modules connected in series has to equalize the state of charges of each module. The N's Cap module is equipped with two terminals we call "EQL". Equalizing the states of charge of the modules can be made by only connecting the EQL terminal of a module with one from another module. This convenience is one of the good characteristics of the N's Cap. 
Application of the N's Cap Modules for EV
A storage unit composed of seven N's Cap modules with the rated voltage of 15V connected in series was used in a driving test of the electric vehicle, "COMS", we call "C-COMS". A photograph of the C-COMS used in the test is shown in Fig. 11 . The C-COMS with N's Cap modules can run for about 20 min by 1-min. charge, while the "COMS" with an as received Pb-acid battery can run for about 40-80 min after 8 h-charge [25] . This is an application in which the N's Cap can be rapidly charged.
Examination for a Hybrid Storage Unit with Battery and EDLC
The EDLC, although its storage energy is too low to apply to EVs, is expected to enhance the lifetime of a secondary battery. We attempted to use a hybrid storage unit which consists of the EDLC and a chemical secondary battery connected in parallel [26] - [27] . By way of example, the discharge and charge cycle pattern of a hybrid storage unit using three 15V N's Cap modules and a B19-size valve regulated lead-acid (VRLA) battery was examined. Fig. 12a shows the cycle pattern, which was programmed for simulating a pattern for driving HEVs with idling, assisted acceleration, and/or regeneration by braking. The energy efficiency of the hybrid unit along with that for a VRLA is shown in Fig. 12b , which demonstrates explicitly that the energy efficiency for the hybrids unit with a VRLA and N's Cap exceeded that with the sole VRLA system. 
CONCLUSIONS
The ionic liquid was developed as an electrolyte salt to be able to give the EDLC the high energy density and the long lifetime in the future. The activated carbons with several specific surface areas were studied for the positive and negative active materials. It was found that the activated carbon with the large surface area as a positive active material and the one with the appropriate surface area gave the EDLC a high capacitance and a long life, respectively. We developed the EDLC as a new commodity, N's cap, with the ionic liquid and the activated carbons.
Various separators were studied for extending the lifetime of the EDLC because they influenced the increase of the internal pressure of it with gas generation. The polyethylene film separator was found to give the EDLC a lower internal pressure and a longer life to be used to our product. The other techniques such as coating the negative electrode with the polymer and using the developing separator were expected for getting a longer lifetime of the EDLC in the future.
The N's Cap developed through these studies has a high energy density, a high power density, and a long life with the rated voltage of 3.0V. We also developed the capacitor module assembled with many cells connected in series with an external circuit for equalizing the state of charge of them and are producing it as the storage device with a good performance and a convenient facility.
